I. Introduction
INDUSTRIAL demand for energy is essentially a derived demand: the firm's demand for energy as an input is derived from the demand for the firm's output. Inputs other than energy typically also enter the firm's production process. Since firms tend to choose that bundle of inputs which minimizes the total cost of producing a given level of output, the derived demand for inputs, including energy, depends on the level of output, the substitution possibilities among inputs allowed by the production technology, and the relative prices of all inputs.
Empirical studies typically have not simultaneously considered the derived demand for energy and nonenergy inputs. Studies of industrial energy demand have been restricted in one of two ways: (1) by focussing attention solely on the level of output and ignoring input prices (Darmstadter et al. 1971 ), Dupree and West (1972) , Morrison and Readling (1968) , National Energy Board (1971), National Petroleum Council (1971) (Schurr et al. 1960 ), or (2) by confining the analysis to output and the demand response of some particular energy type to a change in its own price and perhaps that of close energy substitutes, but neglecting the prices of all nonenergy inputs (Anderson 1971 ), Baxter and Rees (1968), Mount, Chapman, and Tyrrell (1973). In a similar fashion, empirical studies of demand for nonenergy inputs have excluded from their concern the role of energy prices. For example, the voluminous literature on determinants of investment behavior typically either (i) restricts attention to changes in output and ignores all input prices (the "accelerator" models), or (ii) expands the analysis to output and the prices of capital and labor services, but ignores the possible role of all intermediate inputs including energy (the "neoclassical" models). To our knowledge, no empirical study has explicitly investigated cross-substitution possibilities between energy and nonenergy inputs. 1 The absence of studies on substitution possibilities between energy and nonenergy inputs becomes particularly apparent if one is interested in deriving implications of increasingly scarce and higher priced energy inputs. Consider the effect of higher priced energy on corporate investment behavior. If energy and capital are substitutable, ceteris paribus, then higher priced energy will increase the demand for new capital goods. If energy and capital are complementary, however, then ceteris paribus, higher priced energy will dampen the demand for energy and the demand for new plant and equipment. More generally, if it were found that possibilities for substitution between energy and nonenergy inputs are extremely limited, then we might expect that the adjustment by industry to higher priced energy will be somewhat difficult, that unit cost may rise considerably, that the composition of output may shift away from energy intensive products, and that significant changes in the underlying technological structure may be required.
In this paper we report results of an attempt to characterize more completely the structure of technology in United States manufacturing, 1947-1971, by providing evidence on the possibilities for substitution between energy and nonenergy inputs. Our principal finding is that technological possibilities for substitution between energy and nonenergy inputs are present, but to a somewhat limited extent. Specifically, we find that (i) energy demand is price responsive -the own price elasticity is about -.5; (ii) energy and labor are slightly substitutable -the Allen partial elasticity of substitution between energy and labor (a-EL) is about 0.65; and (iii) energy and capital are complementary -a-E. is about -3.2. We also consider the validity of the value added specification typically used in studies of production and investment behavior, and find that our data do not support this specification.
II. Theoretical Model and Stochastic Specification
We assume that there exists in United States manufacturing a twice differentiable aggregate production function relating the flow of gross output Y to the services of four inputs: capital (K), labor (L), energy (E), and all other intermediate materials (M). Further, we assume that production is characterized by constant returns to scale and that any technical change affecting K, L, E, and M is Hicks-neutral. Corresponding to such a production function there exists a cost function which reflects the production technology. In its general form we write this cost function as G -G (Y, PK, PL, PE, PM), where G is total cost, and P., PL, PE, and PM are the input prices of K, L, E, and M, respectively.
For purposes of estimation we must employ a specific functional form for G. We choose to specify a highly general functional form, one that places no a priori restrictions on the Allen partial elasticities of substitution and one that can be interpreted as a second order approximation to an arbitrary twice-differentiable cost function. Oln Pj where output quantity and all other input prices are fixed. Allen (1938) has shown that the AES are analytically related to the price elasticities of demand for factors of production E.ij Mj a-ij.
Hence even though -ij = ji, in general Eij #, Eji.
We characterize the structure of technology in United States Manufacturing 1947-1971 by estimating the input demand equations (3) subject to the restrictions imposed by linear homogeneity in prices (2). Such an empirical implementation requires that our translog model (3) be imbedded within a stochastic framework. We assume that deviations of the cost shares from the logarithmic derivatives of the translog cost function are the result of random errors in cost minimizing behavior; we append to each of the equations in (3) an additive disturbance term. Since the cost shares of the four equations in (3) always sum to unity, the sum of the disturbances across the four equations is zero at each observation. This implies that the disturbance covariance matrix is singular and nondiagonal. We arbitrarily drop the disturbance from the MK equation and specify that the disturbance column vector e(t),
E(t) [EL(t) EE (t) EM(t)]
is independently and identically normally distributed with mean vector zero and nonsingular covariance matrix Ql, t 1, ... . T. At the level of an individual firm it may be reasonable to assume that the supply of inputs is perfectly elastic, and therefore that input prices can be taken as fixed. At the more aggregated industry level, however, input prices are less likely to be exogenous. Since the level of aggregation in this study is that of total United States manufacturing, it may be inappropriate for us to assume that prices are exogenous and that the regressors in (3) timator is consistent and asymptotically efficient, but in finite samples it provides coefficient estimates which in general differ numerically from those of the full information maximum likelihood estimator.5
III. Data Construction and Sources
The data required for I3SLS estimation of the KLEM translog cost function in United States manufacturing 1947-1971 are the prices and cost shares of the four inputs and values for the exogenous variables used in forming the instruments.
Following procedures outlined by Christensen-Jorgenson (1969), we construct the rental price of capital services P. from nonresidential structures and producers' durable equipment, taking account of variations in effective tax rates and rates of return, depreciation, and capital gains. We then construct quantity indexes of K by Divisia aggregation of capital services from nonresidential structures and producers' durable equipment. Finally, we compute the value of capital services as the product of the quantity index K and the rental price PK. A more detailed discussion of procedures used in constructing these capital price and quantity indexes is found in Berndt and Christensen (1973b) .
Since data on labor compensation are readily available, we obtain an estimate of PL by first concentrating on our measure of L. We construct our measure of labor services L as a Divisia index of production ("blue collar") and nonproduction ("white collar") labor manhours, adjusted for quality changes using the educational attainment indexes of ChristensenJorgenson (1970) . Our measure of the value of labor services is total compensation to employees in United States manufacturing, adjusted for the earnings of proprietors. We then compute PL as adjusted total labor compensation divided by L. A more detailed discussion of methodology and data sources used in the construction of the labor price and quantity indexes is presented in Berndt-Christensen (1974 (1973) .6 Based on these tables, we construct annual quantity indexes of E as Divisia quantity indexes of coal, crude petroleum, refined petroleum products, natural gas, and electricity purchased by establishments in United States manufacturing. We then compute the value of energy purchases as the sum of current dollar purchases of these five energy types. Finally, we form the price index PR as the value of total energy purchases divided by E.
Annual A cost function is well-behaved if it is concave in input prices and if its input demand functions are strictly positive. The translog cost function does not satisfy these restrictions globally. We must check our fitted translogr form for positivity and concavity at each observation. Positivity is satisfied if the fitted cost shares are positive. We check the fitted cost shares based on the I3SLS parameter estimates and find that the positivity conditions are satisfied at each annual observation. Concavity of the cost function is satisfied if the Hessian matrix, based on the I3SLS parameter estimates, is negative semidefinite; we find that the concavity condition is also satisfied at each of our annual observations. We conclude that our estimated KLEM translog cost function is wellbehaved in the region including the data for United States manufacturing, 1947-1971.
IV. Empirical Results

In table 3 we present I3SLS estimates of the KLEM translog cost function for United
To measure factor substitution possibilities we compute the estimated Allen partial elasticities of substitution (crij) and price elasticities (Eij) as formulated in (4) 
V. Implications of Empirical Results
Virtually all empirical studies of investment demand and capital-labor substitutability have assumed a value added specification of technology. We now consider the validity of such a specification.
The concept of value added has been employed by national income accountants as a device for allocating the origins of national income to the services of the primary inputs capital and labor. Nominal value added is the product PvV, For further discussion, see Parks (1971) . 10The output data are from Faucett (1973). 11 For a more detailed discussion, see Diewert (1973b) . 12 The output deflator is from Faucett (1973) . 13 This justification for the existence of a value added specification has been discussed by Arrow (1972) 
We refer to ( Virtually all empirical studies of investment demand and capital-labor substitutability in United States manufacturing have assumed a priori that the value added specification is valid. Since the Leontief, Hicksian, and separability conditions for the value added specification do not appear to be satisfied by the data, we must call into question the reliability of investment and factor demand studies for United States manufacturing based on this value added specification.
There is of course no reason to restrict our analysis to the value added specification. Other types of input aggregation may be consistent with our data. From table 6 it appears that no two input/output quantity or price ratios seem to be nearly perfectly correlated. Hence the conditions for Leontief or Hicksian aggregation of any two inputs do not appear to be satisfied. To check whether any of the separability conditions are satisfied, we must perform a number of tests. We have tested for the validity of parametric restrictions implied by all possible types of separability in our KLEM model; the parametric restrictions corresponding with the various types of separability are presented in Berndt-Christensen (1973c, In   table 7 we present mean I3SLS estimated AES with these separability restrictions imposed.'6 14 For a derivation and further discussion of these separability restrictions, see Berndt-Christensen (1973a ,b,c, 1974 , and Blackorby, Primont, and Russell (1975). 15 The chi-square statistic is 9.04 while the 0.01 critical value is 13.28. 16 The positivity and concavity conditions with these separability restrictions imposed are satisfied at each annual observation. Since Since the conditions for the value added specification are not satisfied and since input demand functions are price responsive, we must conclude that reliable energy demand projections cannot be made on the basis of a value added specification, but must take into account projected output and projected prices of K, L, E, and M.
We conclude by briefly noting some policy implications of our empirical results. Since oEE and o-KE are negative and -LE iS positive, the lifting of price ceilings on energy types would tend to reduce the energy and capital intensiveness of producing a given level of output and increase the labor intensiveness. Moreover, since investment tax credits and accelerated depreciation allowances reduce the price of capital services, OKE < 0 implies that these investment incentives generate an increased demand for capital and for energy. To the extent that energy conservation becomes a conscious policy goal, general investment incentives may become less attractive as fiscal stimulants.
